Abstract We hypothesized that treatment with testosterone (T) and recombinant human growth hormone (rhGH) would increase lean mass (LM) and muscle strength proportionally and an in a linear manner over 16 weeks. This was a multicenter, randomized, controlled, double-masked investigation of T and rhGH supplementation in older (71 ± 4 years) community-dwelling men. Participants received transdermal T at either 5 or 10 g/day as well as rhGH at 0, 3.0 or 5.0 lg/kg/day for 16 weeks. Body composition was determined by dual-energy X-ray absorptiometry (DEXA) and muscle performance by composite one-repetition maximum (1-RM) strength and strength per unit of lean mass (muscle quality, MQ) for five major muscle groups (upper and lower body) at baseline, week 8 and 17. The average change in total LM at study week 8 compared with baseline was 1.50 ± 1.54 kg (P \ 0.0001) in the T only group and 2.64 ± 1.7 (P \ 0.0001) in the T ? rhGH group and at week 17 was 1.46 ± 1.48 kg (P \ 0.0001) in the T only group and 2.14 ± 1.96 kg (P \ 0.0001) in the T ? rhGH group. 1-RM strength improved modestly in both groups combined (12.0 ± 23.9%, P \ 0.0001) at week 8 but at week 17 these changes were twofold greater (24.7 ± 31.0%, P \ 0.0001). MQ did not significantly change from baseline to week 8 but increased for the entire cohort, T only, and T ? rhGH groups by week 17 (P \ 0.001). Despite sizeable increases in LM measurements at week 8, tests of muscle performance did not show substantive improvements at this time point.
Introduction
With an increase in life expectancy, older persons are faced with the challenge of maintaining health and physical function while their anabolic hormone levels decline during the aging process. Approximately 25-30% of men over 60 years of age have serum levels of testosterone that may be diagnosed as hypogonadal (Harman et al. 2001 ). In addition, GH status may decline as much as 70% by the eighth decade of life (Corpas et al. 1992; Iranmanesh et al. 1991) . It is possible that the declines in testosterone and GH are associated with the age-related loss of muscle mass (sarcopenia), skeletal muscle strength, and physical function (Baumgartner et al. 1998; Frontera et al. 2000) . Sarcopenia may increase the risk of frailty, dependency, and depression (Dutta 1997; Penninx et al. 1998; Rantanen et al. 2000) . Loss of muscle mass may be associated with decrements in muscle performance, including power to climb stairs or generate gait speed (Bassey et al. 1988 ) and eventually advancing to severe loss of skeletal muscle strength resulting in overt frailty and impaired activities of daily living. Limited data support the potential value of treatment with replacement doses of testosterone to improve lean mass in older persons (Orwoll et al. 2006; Page et al. 2005) . However, increases in lean mass in this population will likely not be meaningful unless there are improvements in skeletal muscle strength and performance.
An increase in muscle strength relative to lean mass (muscle quality) (Lynch et al. 1999 ) is an important means to quantify relative change in muscle performance. To date, studies have suggested that testosterone supplementation does not improve muscle quality, even though doses sufficient to substantially increase serum testosterone levels may enhance muscle mass and strength (Bhasin et al. 2001; Schroeder et al. 2003) . However, it is uncertain how early in the course of treatment that clinical enhancements in muscle mass and performance can be achieved with testosterone supplementation alone or in combination with rhGH.
In the HORMA (Hormonal Regulators of Muscle and Metabolism During Aging) study (Sattler et al. 2009 ), we hypothesized that testosterone and rhGH supplementation affect myofibrillar proteins by different but complimentary mechanisms and together might enhance not only voluntary muscle strength but other measures of muscle performance, and perhaps muscle quality also. Although there were dose-dependent effects of these anabolic hormones on muscle mass and performance at the completion of 16 weeks of treatment, we hypothesized that the effects were linear over time and any sizable improvements in lean mass would be associated with proportional changes in muscle performance. We herein report the findings of our secondary analysis to test this hypothesis by assessing whether changes in muscle mass and function were together proportionally greater shortly after completion of study therapy compared to mid way through treatment.
Methods

Study design
Methods are described elsewhere (Sattler et al. 2009; Schroeder et al. 2007a ) and briefly summarized here. This was a multicenter [University of Southern California (USC), Tufts University, and Washington University] controlled, double-masked investigation of supplementation with testosterone and rhGH at physiologic doses in older community-dwelling men. Eligible participants were randomized to either 5 or 10 g/day transdermal testosterone (Androgel, Solvay Pharmaceuticals Inc) and all participants received a Leydig cell clamp to suppress endogenous testosterone, which could confound dose-response relationships. Participants were also randomized to placebo rhGH (0 lg/kg/day) or one of two doses of rhGH (3.0 or 5.0 lg/kg/day) (Nutropin, Genentech Inc). Treatment duration was 16 weeks with post intervention outcomes determined at week 17. In our previous intent to treat report, there was sizable heterogeneity in outcomes within the treatment assignment groups. Although changes in serum testosterone and IGF-1 levels were also heterogeneous in the treatment groups, they were directly related to changes in LBM, which were necessary to enhance muscle performance (Sattler et al. 2011) . Therefore, in this secondary analysis we sought to determine if the effects of testosterone alone and testosterone plus rhGH on lean mass and strength at 8 and 16 weeks were corroborated by changes in muscle performance.
Study participants
All participants provided informed consent approved by the institutional review boards of USC, Tufts University, and Washington University. Eligibility required that men 65-90 years of age had serum IGF-1 in the lower tertile for adults (\167 ng/dl) and morning serum testosterone in the lower portion (150-550 ng/dl) of the adult male range. Other eligibility criteria included prostate-specific antigen (PSA) \4.0 ng/ml, hematocrit \50%, and fasting blood glucose \126 mg/dl. Volunteers were excluded if they participated in regular exercise in the previous 6 months and participants were instructed not to perform any structured exercise during the study.
Body composition
Whole-body DEXA scans were performed at baseline and study weeks 8 and 17 to quantify total lean mass, appendicular lean mass, and fat mass. One experienced technician (blinded to treatment) performed and analyzed the scans at the USC Reading Center. To corroborate that changes in lean mass represented changes in muscle mass, total-body skeletal muscle (total-body SM) was estimated, according to the formula total-body SM = (1.13 9 appendicular lean mass)-(0.02 9 age) ? (0.61 9 gender) ? 0.97; where gender = 1 for men. This strategy may better reflect changes in whole body muscle mass than measures of appendicular lean mass (Kim et al. 2002) .
Skeletal muscle strength
Maximal voluntary strength was assessed (baseline, weeks 8 and 17) using the one-repetition maximum (1-RM) method (Schroeder et al. 2007b ) for the bilateral leg press, leg extension, leg flexion, latissimus pull-down, and chest press exercises on Keiser pneumatic equipment at USC and on weight stack resistance machines at Tufts and Washington universities. The highest of the respective 1-RM values assessed at pre-entry or baseline were used as the pre-treatment values. To normalize and consolidate wholebody strength assessments from multiple testing sites, results are presented as percentage change from baseline for the composite sum of 1-RM values for the five exercises.
Muscle quality assessment
Muscle quality was calculated as the maximal composite strength score in units of kilograms divided by DEXA total lean mass in units of kilograms (Inaba et al. 2010; Lynch et al. 1999; Newman et al. 2006 ). An optimal change in muscle quality would be greater increases in strength relative to lean mass so that the ratio values increase. Because some of the resistance training equipment used for assessing maximal strength was pneumatic with units of measure in pounds per square inch (PSI), we converted all units of measure to kilograms to determine the numerator in the ratio of strength to lean mass. Both absolute and relative changes in composite strength relative to total lean mass are presented in the ''Results''.
Lower leg edema
Lower leg edema was assessed for pitting (none, trace, 1? to 4?) at baseline, study week 8, and study week 16 by the same study physician at one testing site. For this analysis, we determined if new or worse (at least two grade increase, e.g. from 1? to 3?) lower leg edema was present or absent at weeks 8 and 16.
Statistical analysis
A total of 88 participants had complete data for muscle quality at all three visits (baseline, week 8, and week 17). Since the baseline demographic, week 8 and week 17 variables were similar between the 88 subjects and the original cohort (N = 112), the main analyses were conducted on these 88 participants only and are referred to as the entire cohort in this paper. Descriptive statistics are presented for the demographic and baseline characteristics for all 88 subjects, the T only group, and the T ? rhGH group. Continuous variables were summarized using mean and standard deviation (SD). Discrete variables were described by frequency counts and percentages.
Each body composition parameter (total and appendicular lean mass, and total-body skeletal mass) was compared between the two groups using t test for baseline, week 8, and week 17 visit. In addition, within the entire cohort as well as each group, the mixed effect model was fitted to the repeated body composition parameter measures across the three visits. Composite strength change at week 8 and week 17 relative to baseline was compared between groups using t test. Paired t tests were applied to compare the composite strength changes at these two time points for all 88 participants and each group. The mixed effect model was also fitted to the absolute composite strength/total lean mass ratio measures across baseline, week 8, and week 17 visit within each group and for the entire cohort. The overall and group specific changes (baseline vs. week 8, baseline vs. week 17, and week 8 vs. week 17) were compared using the paired t test.
Side by side bar plots for mean changes from week 8 and week 17 to baseline were presented for the entire cohort and for each group for changes in total lean mass, changes in total-body skeletal mass, changes in composite strength, and changes in composite strength/total lean mass ratio.
Results
Of the 242 subjects consented and who completed screening visits, 122 eligible participants were randomized to study treatments. One hundred twelve participants completed 16 weeks of the intervention and were evaluated at week 17. Of the 112 participants, 88 completed each test of 1-RM strength and DEXA scans at baseline, study week 8, and study week 17. The most common reason for participants not having a 1-RM test of a specific muscle group at any study visit was due to shoulder or knee discomfort (usually due to osteoarthritis and fluid retention) and therefore if one of five tests could not be completed, this precluded calculation of composite strength for that visit. These 88 participants with complete composite (five different 1-RM tests) strength tests were similar to the entire population of 112 (data not shown). A detailed description of baseline characteristics for this study population has been published (Sattler et al. 2009 ).
Because there were no differences across study sites for the variables of interest, the data were collapsed and presented as an entire cohort N = 88, testosterone (T) N = 29, and testosterone plus rhGH (T ? rhGH) N = 59. Table 1 shows the baseline characteristics of these two cohorts. Baseline testosterone levels were similar between the T and T ? rhGH groups. Although baseline IGF-1, an indirect measure of GH status, was significantly lower in the T only group (102 ± 27 ng/ml) at baseline than the T ? rhGH group (118 ± 30 ng/ml), the meaning of this small difference is unclear.
Changes in body composition
Total and appendicular lean mass and total-body SM significantly increased at study week 8 and at study week 17. These changes were significantly different from baseline with the greatest changes occurring at study week 8 for the entire cohort and the T ? rhGH group but not for the T only group (Table 2; Fig. 1 ).
Changes in maximal voluntary muscle strength
Composite strength improved for the entire cohort (12.0%), T only group (11.2%), and the T ? rhGH group (12.4%) by week 8 (Table 2 ; Fig. 1 ). However, by study week 17 composite strength increased further by approximately twofold for the entire cohort (24.7%, P \ 0.0001), the T only group (26.7%, P = 0.0006), and the T ? rhGH group (23.7%, P = 0.0002) compared with the changes achieved at week 8 (Table 2) .
Changes in muscle quality
There were small but statistically significant decreases in muscle quality from baseline to study week 8 for the entire cohort and the T ? rhGH group (Table 2; Fig. 2 ). In the T only group, MQ did not significantly change from baseline to study week 8. However, muscle quality improved from study week 8 to 17 for the entire cohort, the T only group, and the T ? rhGH group (Fig. 2) .
Changes in lower leg edema New pre-tibial or ankle edema was evaluated carefully at one study site and occurred more commonly (23 cases) at week 8 compared with week 16 (16 cases). However, this frequency was not statistically significant (P = 0.25) by McNemar's test.
Discussion
In the primary study (Sattler et al. 2009 ), we showed for the first time that testosterone supplementation with and without the addition of rhGH in older men substantially augmented average total lean mass *1.5 kg; for the highdose combination, average total lean mass increased *3.0 kg, and the maximum increase was 7.5 kg after 17 weeks. There were parallel improvements in composite maximal voluntary strength of *24% (*35% in highest dose combination; maximum of 117%) (Sattler et al. 2009 ), unlike prior studies evaluating treatment with the combination of these potent anabolic hormones (Blackman et al. Giannoulis et al. 2006; Meinhardt et al. 2010) . Surprisingly, in this secondary analysis, improvements in lean mass at study week 8 were significantly greater than the changes at study week 17 for the entire cohort and T ? rhGH group but not for the T only group. However, the converse was true of changes in maximal voluntary muscle strength (1-RM) and muscle quality which were greater at study week 17 than week 8. The twofold greater increases in composite strength of the major muscle groups in the upper and lower body at week 17 suggest that improvements in lean mass at this time point were likely a result of contractile myofibrillar protein accumulation. The most convincing evidence to corroborate that changes in lean mass are due to the accretion of substantive amounts of contractile myofibrillar protein is the demonstration of significant improvements in skeletal muscle strength and performance. The modest increases in composite strength and decreases in muscle quality at study week 8 suggest that these changes were not due to meaningful accretion of functional myofibrillar proteins despite significant gains in both total and regional lean mass during therapy with testosterone and rhGH. We can only conjecture that the changes in lean mass could have been due to an increase in extracellular water as may occur with either anabolic hormone treatment (Johannsson et al. 2005; Meinhardt et al. 2010) or intramyocellular accumulation of structural, mitochondrial or other proteins, which could later be used as building blocks for contractile proteins. The observation that lower extremity edema tended to be greater at week 8 than at the end of study therapies supports the possibility that some portion of the lean tissue mass change was due to accumulation of extracellular fluid. That lean mass values at study week 17 were statistically smaller for the entire cohort and T ? rhGH group than the increases achieved at study week 8 did not support our hypothesis for this secondary analysis that lean mass would increase linearly over time. Because the T only group did not have significantly different lean tissue values at study week 8 compared with study week 17, it is likely that the combined treatment with rhGH was responsible for the Total-body skeletal muscle = 1.13 9 appendicular lean mass-0.02 9 age ? 0.61 9 gender ? 0.97 (gender = 1 for males) e Sum of percentage change of maximal voluntary strength for the five exercises f Muscle quality = composite strength (kg)/total lean body mass (kg) elevated lean tissue measurements at study week 8. Further, the overall gains in strength and the improved muscle quality at week 17 indicated that there were some gains in muscle performance at week 8 but these were in the 5-10% range and may be of questionable clinical importance, whereas gains in skeletal muscle mass and maximal voluntary strength at week 17 were more substantial and indicated that there had been meaningful increases in functional components of lean mass needed to enhance muscle performance by the end of treatment.
Earlier studies of testosterone therapy (Gruenewald and Matsumoto 2003; Wald et al. 2006 ) reported increases of total lean mass in the range of 1-2 kg but failed to show improvements in skeletal muscle strength (Clague et al. 1999; Emmelot-Vonk et al. 2008; Kenny et al. 2001; Snyder et al. 1999) . In these studies, gains in total lean mass may not have been sizable enough to sufficiently augment myofibrillar proteins necessary to improve maximal voluntary muscle strength. Indeed, we have recently shown that T and rhGH-induced increases of approximately 1.5 kg of total lean mass or about 0.8 kg of appendicular lean mass are necessary to increase muscle performance (Sattler et al. 2011) . In the earlier studies cited above, the outcomes may have been too heterogeneous to demonstrate overall significant increases in muscle strength despite average increases that were in the range of the critical thresholds that we have shown important to improve 1-RM strength (Sattler et al. 2011) . The benefits of rhGH administration on muscle mass and strength in healthy older adults remains unclear and is an area of research that needs further study, particularly the influence of rhGH isoforms that likely have different physiologic significance than that of the 22 kD form (Kraemer et al. 2010) . Although our rhGH dose was small relative to other studies, our data support the contention that rhGH may be Fig. 1 a Change in total lean body mass (LBM), total-body skeletal mass, and composite one repetition maximum strength for the entire cohort of 88 subjects. b Change in total lean body mass (LBM), totalbody skeletal mass, and composite one repetition maximum strength for the subjects that received testosterone only, N = 29. c Change in total lean body mass (LBM), total-body skeletal mass, and composite one repetition maximum strength for the subjects that received testosterone plus rhGH, N = 59. The left y axis shows the absolute change in kilograms for LBM and the right y axis shows the relative (%) change for composite strength. The black bars represent the mean change at study week 8 and the gray bars represent the mean change at study week 17. The whiskers represent the standard error. *P \ 0.0001 compared with Baseline. P B 0.003 comparing study week 8 to week 17 Fig. 2 Relative percent change in muscle quality (composite strength/total lean mass) for the entire cohort, N = 88, the testosterone only group, N = 29, and the testosterone plus rhGH group, N = 59. The black bars represent the mean change at study week 8 and the gray bars represent the mean change at study week 17. The whiskers represent the standard error. *P B 0.01 compared with Baseline. P B 0.002 comparing study week 8 to week 17 associated with fluid retention and likely does not contribute to improvements in maximal voluntary muscle strength or muscle mass that would translate into enhanced muscle performance even when combined with testosterone supplementation. Describing muscle quality is an important measure of muscle performance (Tracy et al. 1999 ), but previous androgen administration studies have failed to show improvement in this measure since increases in muscle strength have been proportional to increases in muscle mass (Bhasin et al. 2001; Schroeder et al. 2003) . Conversely, in our current study, we report significant decreases muscle quality at week 8 followed by further improvements from week 8 to 17 with testosterone and rhGH supplementation. These findings were not anticipated since improvement in muscle quality often requires disproportional increases in muscle strength relative to muscle mass that is usually the result of resistance training-induced neural adaptations (Schroeder et al. 2003; Tracy et al. 1999) . Further studies, including pharmacologic therapies with potent combinations or even different promyogenic agents, e.g. SARMs, anti-myostatin strategies, etc. may confirm or deny our findings.
The study findings do not support our hypothesis that the gains in lean mass and muscle strength at week 8 would be less than the gains achieved by week 17. Indeed, in a prior report from members of our group, treatment of older men with oxandrolone resulted in 90% of the gains in lean mass, reductions in adipose tissue, and improvements in muscle strength being achieved by 6 weeks in a 12-week treatment study (Schroeder et al. 2005) . Likewise, in the present study significant reductions in total and trunk fat (data not shown) occurred at week 8 and the changes were greater at week 17 supporting a time-dependent effect of the anabolic hormone combination on other tissues. Why increases in lean mass did not follow a more time-dependent linear change is unclear. It may be that fluid accumulation or other constituents of lean mass (e.g. non-contractile proteins or amino acids which also are associated with hydration effects) masked any early gains in lean mass at week 8 that had yet to be translated to improved muscle performance. Indeed, the accumulation of tissue water is measured as lean mass by various testing modalities such as DEXA, computed tomography, and magnetic resonance imaging (StOnge et al. 2004; Wang et al. 1999) . Regardless of the mechanism, it is difficult to compare studies testing different anabolic treatments because of their duration, route of administration or other factors such as age of the study population, their physical activity level, etc.
There are several limitations. First, as indicated above, we used DEXA measures of lean mass changes which are influenced by hydration status or changes in body water that can introduce measurement variability over serial time points. However, other muscle imaging procedures are affected by the same limitation. Further, our participants were treated with leuprolide acetate to suppress endogenous testosterone production, which is also associated with fluid retention and weight gain that could have confounded the week 8 measurements when participants were still acclimating to the study interventions and changes in total body water. Last, our multicenter study included resistance exercise machines that provided units of measure that were different at each testing site. Therefore, we reported relative change in composite strength to standardize the measurements. Regardless, the relative changes in 1-RM strength at week 8 and 17 were determined for each participant relative to baseline on the same exercise equipment and independently validate important accrual of functional myofibrillar proteins at week 17.
In conclusion, the discordant results at week 8 between changes in muscle strength and muscle quality compared with lean mass suggest that apparent gains in lean mass measured by DEXA were due to either extracellular water or non-contractile muscle proteins. The important finding is that regardless of treatment strategy the large increases in lean mass at study week 8 were not supported by large increases in muscle function. Our findings emphasize the importance of muscle performance testing when evaluating promyogenic agents, to validate that increases in lean mass translate to improvements in muscle function. This is especially important in studies of older sarcopenic adults. Understanding the timing and functional benefits of shortterm administration of promyogenic agents for older adults will be important in designing future studies of pharmacologic strategies to treat sarcopenia or frailty.
